Magnetic resonance imaging (MRI) has become an integral noninvasive diagnostic imaging tool for all clinical specialties. The indications for MRI are rapidly expanding, accounting for nearly 2-fold increase in MRI utilization in Canada from 2003-2012 [1] . In Ontario alone, MRI utilization in cancer patients increased 4.2-fold from 1992-2003 [2] . Furthermore, approximately 15% of patients have a repeat MRI scan within 2 years [3] .
MRI has widely been considered a safer alternative to ionizing radiationebased imaging modalities including computed tomographic imaging (CT), conventional angiography, nuclear medicine studies, plain film rays, and fluoroscopy [4] . Unlike these ionizing radiationebased modalities, the magnetic fields exert their effect at the level of the nucleus instead of the electrons that are integral to the DNA chemical bonds. Although there are known attributable minor side effects induced by the static magnetic field and radiofrequency pulses, no genotoxic or teratogenic effects were previously identified. Recent in vitro and in vivo studies have raised new interest in the potential long-term risks of MRI exposure, specifically in a reported increase in DNA damage following cardiac MRI. This review paper identifies and discusses a select few of these studies and offers suggestions for future work.
Double-strand breaks in DNA (DSBs) have been used throughout the literature, including in several of the studies discussed in this review, to identify and quantify DNA damage. The gH2AX immunofluorescence microscopy assay was developed to detect and quantify DSBs in peripheral mononuclear blood cells and has been used in a variety of studies, including those detecting DSBs caused by CT, fluoroscopic tomography, or positron emission tomography imaging [5e7]. The comet assay was also used in some in vitro studies to identify DSBs [8] .
Simi et al [9] identified a significant increase in micronuclei frequency in lymphocytes immediately after in vitro exposure to MRI, including a significant increase correlating with exposure time. After in vivo exposure, increase micronuclei frequency was noted within 1-2 hours and 24 hours postexposure.
Fiechter et al [10] demonstrated that the median number of DSBs per lymphocyte increased significantly after cardiac MRI exposure, implying genotoxic effects of cardiac magnetic resonance (CMR). It is important to note that gadolinium-based contrast was administered to each patient in this study. DNA breaks took 1-2 hours to appear.
Lancellotti et al [11] found that gH2AX intensity in Tlymphocytes increased significantly 2 days after exposure to unenhanced 1.5T CMR in a study of 20 healthy men and this increase in gH2AX intensity, as a marker of DSBs, lasted up to 1 month postexposure but returned to baseline 1 year post-CMR. Further, they showed no significant increase in gH2AX prior to the first 2 days post-CMR exposure, suggesting early testing of DNA damage within that 2-day window is not a valid marker of the DSBs induced by CMR. The overall low absolute amount of gH2AX foci and therefore DSBs, along with the lack of impact of CMR exposure in lymphocyte activation or alterations in lymphocyte subset proportions, led Lancellotti et al [11] to conclude limited harmfulness of DNA damage after CMR.
Brand et al [12] studied 45 patients who underwent 1.5T gadolinium-enhanced CMR with a variety of protocols, specifically myocarditis, stress testing, and flow measurements and angiography. They found no statistical difference in the DSBs before and after CMR exposure; however, all postexposure samples were taken 5 minutes after the completion of CMR with no later time points studied. The design of this study is unusual as all the proceeding studies had shown that samples taken before 1 hour were unlikely to demonstrate DNA breaks from MRI. It is interesting to note that this study was from the University of Erlangen (Germany), home to Siemens, and that 4 of the authors declared conflicts of interest as speakers for Siemens.
As discussed by Knuuti et al [13] , MRI utilizes high static and gradient magnetic fields with a radiofrequency pulse to create fine contrast between the varying tissues within the field of view. The high static magnetic field generates the initial net vector of magnetization. The gradient magnetic field is turned on and off during a study and allows for spatial localization in the process of reconstructing the image. Radiofrequency pulses are delivered to allow for a detectable signal.
Each of these 3 low-frequency electromagnetic waves can have deleterious effects on the body in unique ways. The static magnetic field is thought to be unlikely to cause significant biological effects [14] . The gradient electromagnetic field (100-1000 Hz) does include very low frequencies that have been identified as possibly human carcinogen (group 2B) through induction of reactive oxygen species, according to the International Agency for Research on Cancer. It is thought that the radiofrequency field (10-400 MHz) might affect DSBs in a similar manner, and generally cause biological effects through thermal and nonthermal effects via multiphoton absorption. The specific absorption rate is used during the scanning process to determine and monitor the amount of energy the body absorbs due to the radiofrequency pulses to ensure this value stays below an acceptable limit. Finally, gadolinium administration is thought to have a potentiating effect on DNA damage, as it may enhance the biologic impact of the magnetic fields being applied.
Cardiac MRI has been the focus of the majority of these studies because its unique protocols expose patients to the highest administered energy levels accepted, as a result of the strongest and fastest switching electromagnetic gradients [9] .
Humans are delicately balanced complex organisms based on a series of chemical and electrical interactions. We operate optimally in a narrow range of pH, temperature, hemoglobin, calcium, sodium, glucose, and oxygen. Initially x-rays were used in an array of areas such as measuring feet and were a source of amusement at parties. We learned to be more reflective and conservative over time with ionizing radiation. Perhaps we need to reflect on our tolerance of high field magnets and gradient electromagnetic fields. There is no free lunch in medicine, and often it takes years for issues to emerge that in retrospect should have been obvious. We have made errors before in our assumptions. Could we be doing that now?
